The polyglutamine-containing neurodegenerative protein ataxin 3 (AT3) has deubiquitylating activity and binds ubiquitin chains with a preference for chains of four or more ubiquitins. Here we characterize the deubiquitylating activity of AT3 in vitro and show it trims͞edits K48-linked ubiquitin chains. AT3 also edits polyubiquitylated 125 I-lysozyme and decreases its degradation by proteasomes. Cellular studies show that endogenous AT3 colocalizes with aggresomes and preaggresome particles of the misfolded cystic fibrosis transmembrane regulator (CFTR) mutant CFTR⌬F508 and associates with histone deacetylase 6 and dynein, proteins required for aggresome formation and transport of misfolded protein. Small interfering RNA knockdown of AT3 greatly reduces aggresomes formed by CFTR⌬F508, demonstrating a critical role of AT3 in this process. Wild-type AT3 restores aggresome formation; however, AT3 with mutations in the active site or ubiquitin interacting motifs cannot restore aggresome formation in AT3 knockdown cells. These same mutations decrease the association of AT3 and dynein. These data indicate that the deubiquitylating activity of AT3 and its ubiquitin interacting motifs as well play essential roles in CFTR⌬F508 aggresome formation.
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proteasome ͉ protein aggregation ͉ spinocerebellar ataxia type 3͞Machado-Joseph disease ͉ deubiquitinization ͉ ubiquitin-interacting motif S pinocerebellar ataxia type 3͞Machado-Joseph disease is a dominantly inherited neurodegenerative disease caused by expansion of a polyglutamine domain in the protein ataxin 3 (AT3) (1) . Expansion of the glutamine domain in AT3, as well as in eight other members of the polyglutamine neurodegenerative disease family, increases protein misfolding, resulting in aggregation and formation of nuclear and cytoplasmic inclusions (2) (3) (4) (5) (6) . Inclusions of polyglutamine proteins are ubiquitylated and contain proteasomes, suggesting an attempt by the ubiquitin proteasome pathway (UPP) to degrade the misfolded protein (7) (8) (9) (10) (11) . Misfolded aggregated protein is not only a characteristic of polyglutamine diseases but also a common feature of many neurodegenerative diseases, including Alzheimer's and Parkinson's diseases (12) .
Cells deal with misfolded proteins in several ways, including chaperone-mediated refolding and proteasome-dependent degradation. In situations where proteasomes are compromised or overwhelmed, misfolded protein is transported to a perinuclear location near the microtubule-organizing center (MTOC) to form aggresomes (13, 14) . Although formation of aggresomes seems to be important for cellular homeostasis, little is known about the proteins responsible for recognizing, processing, and transporting misfolded proteins. Other than microtubules, the only proteins known to be involved in this critical regulatory process are the microtubule motor, dynein͞dynactin, and the microtubule-associated deacetylase histone deacetylase 6 (HDAC6) (13) (14) (15) (16) .
Like other polyglutamine neurodegenerative proteins, AT3 is prone to misfold and aggregate and therefore is a target of the UPP; however, recent data suggest that AT3 may also function in the UPP. We recently showed that AT3 is a deubiquitylating enzyme (DUB) (17), and we and others showed that AT3 binds chains of four or more ubiquitins through its ubiquitin interacting motifs (UIMs) (17) (18) (19) (20) . Mutating its active site cysteine inhibits DUB activity, whereas mutating conserved residues in the UIMs prevents ubiquitin binding. Although DUBs constitute one of the largest families of proteins in the UPP, relatively little specific information is available on the myriad of functions thought to be regulated by them (21, 22 ).
Here we characterize some of the DUB properties of AT3 in vitro and show that cellular AT3 regulates aggresome formation by the highly unstable cystic fibrosis transmembrane regulator (CFTR) mutant CFTR⌬F508. AT3 localizes to aggresomes and preaggresome particles and interacts with dynein and HDAC6, and its DUB activity and UIMs are required for CFTR⌬F508 aggresome formation.
Materials and Methods
Plasmids and Proteins. Maltose-binding protein (MBP)͞AT3 bacterial expression constructs were described previously (17) . The myc-tagged AT3 eukaryotic expression construct was described previously (23) . myc-AT3-C14A and myc-AT3-L229͞249A were generated by site-directed mutagenesis as described (17) . FLAGtagged HDAC6 and GFP-CFTR⌬F508 cDNAs were provided by Stuart Schreiber (Harvard University, Cambridge, MA; ref. 24) and Ron Kopito (Stanford University, Stanford, CA; ref. 13).
proteins.
125 I-lysozyme was precipitated on ice with 100 l of 10% trichloroacetic acid (TCA), and the number of TCAsoluble protein fragments in the supernatant was quantitated by using a gamma counter. The effect of AT3 on the peptidase activity of the purified proteasomes was measured by incubating 5 nM 26S proteasomes with the f luorogenic peptide substrates (100 M) Suc-LLVY-AMC (chymotryptic-like) or Boc-LLR-AMC (tryptic-like) in the presence or absence of 0.25 M MBP-AT3 fusion proteins for 1 h at 37°C. AMC f luorescence was measured by using a Bio-Tek Instruments (Winooski, VT) FLX800 f luorimeter.
Immunofluorescence. COS 7 cells were fixed with 4% paraformaldehyde in PBS and permeabilized with 0.1% Triton X-100. After blocking with 3% BSA in PBS, cells were incubated with anti-AT3 (2) or anti-FLAG M2 (Sigma) for 1.5 h at room temperature, and then secondary antibody was conjugated with Alexa Fluor 568.
Small Interfering RNA (siRNA) Knockdown of Endogenous AT3 and Quantitation of Aggresomes. A 72-bp siRNA with antisense (5Ј-TGGCAGAAGGAGTTAC-3Ј), loop (5Ј-TTGATATCCG-3Ј), and sense (5Ј-GTAACTCCTCCTTCTGCCA-3Ј) sequences was inserted into the pRNAin-H1.2͞Neo GenScript siRNA expression vector (GenScript, Piscataway, NJ). Scrambled AT3 siRNA was also generated: antisense (5Ј-GGAACAAGGTGAGT-GAGTCT-3Ј), loop (5Ј-TTGATATCCG-3Ј), and sense (5Ј-GACTCACTCACCTTGTTCCT-3Ј). pRNAin-H1.2-AT3 was transfected into COS 7 cells with FuGene 6 (Roche Diagnostics), followed 48 h later by a second transfection. siRNA-resistant forms of wild-type AT3, AT3-C14A, and AT3-L229͞249A were generated by introducing silent mutations in the siRNAtargeting region (A150G, A153C, A156C, and T159A) of myctagged AT3 constructs. After AT3 knockdown, cells were transfected with GFP-CFTR⌬F508 and treated 24 h later with 10 M MG132. For each condition in each experiment, 200 transfected cells were scored for the presence of aggresomes under blinded conditions 2 h after MG132 treatment; data represent the average of three independent experiments.
Cotransfections and Immunoprecipitations. Cells were transfected with FuGENE 6 according to the manufacturer's protocol. Immunoprecipitations were performed essentially as described (25) . Briefly, cleared cell lysates were incubated with anti-FLAG M2 (Sigma), antidynein intermediate chain (Chemicon), or anti-AT3 (2) for 6 h followed by overnight incubation with Dynabeads Protein G (Dynal, Oslo). The beads were washed, and bound proteins were separated by SDS͞PAGE and analyzed by immunoblotting with anti-myc or anti-AT3.
Results

AT3 Trims͞Edits K48-Linked Ubiquitin Chains.
Our previous work (17) indicated that AT3 has DUB activity and, similarly to the proteasome, binds to chains of four or more ubiquitins; this suggests that AT3 may interact with and͞or process proteins targeted for proteasome degradation. The proteasome preferentially recognizes and degrades proteins tagged with ubiquitin chains linked through lysine 48 (K48). To determine whether AT3 cleaves K48-linked ubiquitin chains, 125 I-lysozyme was ubiquitylated by using wild-type ubiquitin or mutant ubiquitin lacking all but K48 (K48 Only in Fig. 1A ). AT3 removes K48-linked ubiquitins from 125 I-lysozyme, similar to its removal of wild-type ubiquitin chains; high-molecular-weight ubiquitin chains are preferentially cleaved͞edited, but lower-molecularweight chains are spared ( Fig. 1 A) . AT3 also cleaves unanchored K48-linked polyubiquitin chains containing five to seven ubiquitins from a heterogeneous population of ubiquitin chains containing two to seven ubiquitins (Fig. 1B) . It is difficult to follow the cleavage of ubiquitin chains with fewer than five ubiquitins, because cleavage of long chains results in the buildup of shorter chains, as well as inefficient cleavage of these short chains even after 48 h with a 10-fold excess of AT3 (data not shown). Chain cleavage by AT3 is blocked by ubiquitin aldehyde, a specific ubiquitin protease inhibitor, and, in contrast to AT3, isopeptidase T does not trim ubiquitin chains but rather disassembles them completely (Fig. 1B) .
UIMs in AT3 may contribute to its editing functions; therefore, we examined the effects of the UIMs on the cleavage of chains containing five to seven ubiquitins. At equimolar concentrations of AT3 and ubiquitin chains, AT3-L229͞249A [a UIM mutant that does not bind chains (17) ] cleaves ubiquitin chains faster than does wild-type AT3 (Fig. 1C) . However, at a ratio of 1:1,000 (AT3 to chains), wild-type AT3 containing functional UIMs cleaves chains more efficiently than does AT3-L229͞249A (Fig. 1D ). This suggests that UIMs may aid in recruiting ubiquitin chains at low concentrations of AT3, whereas at higher concentrations, UIMs hinder chain cleavage.
AT3 Inhibits Degradation of Polyubiquitylated 125 I-Lysozyme by the
Proteasome. To determine whether AT3 has an effect on proteasome degradation, ubiquitylated 125 I-lysozyme was incubated with purified 26S proteasomes in the presence or absence of AT3 (Fig. 1E ). Proteasomes degrade polyubiquitylated 125 I-lysozyme in vitro as indicated by the loss of high-molecular-weight ubiquitylated 125 I-lysozyme (lane 2, Fig. 1E ) as well as by the increase in TCA-soluble 125 I-lysozyme fragments (ϩUB in Fig. 1F) ; degradation is inhibited by the proteasome inhibitor MG132 (Fig. 1F) . AT3 trims͞edits ubiquitin chains conjugated to the 125 I-lysozyme, and edited ubiquitylated 125 I-lysozyme is not effectively degraded by proteasomes ( Fig. 1 E and F) . Reduced degradation may be due to AT3's removal of ubiquitins from the 125 I-lysozyme below the threshold required for proteasome recognition. Alternatively, the UIMs of AT3 may bind ubiquitin chains and physically prevent access by the proteasome. To address this question, we incubated ubiquitylated 125 I-lysozyme with AT3-C14A (the active site mutant), AT3-L229͞249A (the UIM mutant), or AT3-C14A-L229͞249A (the UIM and active site mutant) in the presence or absence of proteasomes. If AT3 DUB activity is responsible for blocking degradation, then mutating the active site should reverse this effect. AT3-C14A (the active site mutant) does not trim ubiquitin chains on 125 I-lysozyme but still blocks its degradation ( Fig. 1 E and F) . AT3 with both the active site and UIMs mutated, however, does not inhibit 125 I-lysozyme degradation (Fig. 1F) , suggesting that the UIMs are primarily responsible for inhibiting degradation. In the absence of functional UIMs, AT3 removes both long and short ubiquitin chains (see also ref. 17 ) and decreases degradation of 125 I-lysozyme, presumably by removing the ubiquitin degradation signal (Fig. 1 E and F) . MBP-AT3 fusion proteins do not bind to 26S proteasomes (data not shown), nor do they affect the proteolytic activity of purified 26S proteasomes when assayed by using peptide fluorogenic substrates, indicating that the effects of AT3 are not made through binding the proteasomes or inhibiting the core proteasome (Fig. 1G) .
These data suggest that UIMs of AT3 bind ubiquitylated 125 I-lysozyme and prevent access to the proteasome, thereby inhibiting degradation. In the absence of functional UIM domains, AT3 may also inhibit degradation by trimming ubiquitin chains below the signal required for recognition by the proteasome.
Endogenous AT3 Associates with Aggresomes Formed by CFTR⌬F508.
Many proteins with short half-lives, as well as misfolded proteins, are ubiquitylated and degraded by proteasomes. Inhibiting proteasomes causes accumulation of proteins targeted for degradation; these proteins are transported on microtubules to the MTOC and form large perinuclear aggregates͞aggresomes (13, 14) . Initially we wanted to determine whether endogenous AT3 associates with aggresomes formed by CFTR⌬F508, a deletion mutant of the CFTR, which is used as a model for studying protein aggregation and aggresome formation (13) . Cells transfected with CFTR⌬F508-GFP and treated with the proteasome inhibitor MG132 develop large perinuclear aggresomes ( Fig.  2A) . Endogenous AT3 colocalizes with CFTR⌬F508 aggresomes (Fig. 2 A) , suggesting that AT3 either associates with aggresomes once they are formed or functions in the pathway responsible for aggresome formation. To determine whether AT3 associates with the CFTR before moving to the MTOC, misfolded CFTR⌬F508 was blocked from reaching the MTOC by destabilizing microtubules with nocodazole. As reported (26) , destabilizing microtubules results in accumulation of CFTR⌬F508 in widely dispersed cytoplasmic aggregates͞preaggresome particles. Endogenous AT3 also colocalizes with these cytoplasmic particles (Fig. 2 A) . Recent data indicate that HDAC6 is necessary for aggresome formation (15) . HDAC6 binds polyubiquitylated proteins and interacts with the dynein motor complex, facilitating transport of misfolded proteins to the MTOC. We confirmed that HDAC6 associates with both aggresomes and preaggresome particles formed by CFTR⌬F508-GFP (Fig. 2B) . Therefore, both AT3 and HDAC6 colocalize with preaggresome particles.
Endogenous AT3 Associates with Components of the Complex That
Transports Misfolded Proteins to the MTOC. To determine whether AT3 associates with HDAC6 and͞or dynein, immunoprecipitations were performed. Endogenous AT3 coimmunoprecipitates with both dynein and HDAC6, and these immunoprecipitates contain ubiquitin protease activity (Fig. 3) . These data are consistent with the function of AT3 with HDAC6 and dynein in the pathway responsible for trafficking aggregated proteins to form aggresomes.
The Deubiquitylating Activity and UIMs of AT3 Are Required for CFTR⌬F508 Aggresome Formation and Regulate Association with
Dynein. Because AT3 interacts with proteins involved in forming aggresomes, we examined the potential importance of AT3 in aggresome formation by reducing AT3 levels using siRNA. After 72 h, siRNA very effectively decreases AT3, compared with untransfected cells and cells transfected with scrambled AT3 siRNA (Fig. 4A) . AT3 siRNA also dramatically decreases CFTR⌬F508-GFP aggresomes after MG132 treatment, compared with cells transfected with scrambled AT3 siRNA or untransfected controls (Figs. 4B and 5A ). Transfecting knockdown cells with AT3 that is not a target for siRNA restores aggresome formation, indicating that AT3 is required for CFTR⌬F508-GFP aggresome formation (Figs. 4B and 5A ). To gain insight into whether the DUB activity or ubiquitin-binding properties of AT3 are involved in aggresome formation, the ability of AT3-C14A (the active site mutant) or AT3-L229͞249A (the UIM mutant) to restore CFTR⌬F508 aggresome formation was determined. Transfecting AT3 knockdown cells with AT3-C14A or AT3-L229͞249A that is not a target for siRNA does not restore aggresome formation (Fig. 5A) , indicating that the DUB activity and ubiquitin-binding properties of AT3 play a critical role in aggresome formation. To help define potential functions of AT3 in aggresome formation, the effect of mutating the active site or UIMs on interactions with HDAC6 and dynein was determined. Coimmunoprecipitation assays showed that both AT3-C14A and AT3-L229͞249A associate with HDAC6 (Fig.  5B) ; however, neither associates efficiently with dynein (Fig. 5C ).
These data indicate that both the DUB activity and the UIMs of AT3 are required for aggresome formation and suggest that these functions may be needed for a complex containing AT3 to associate with dynein before transport to the MTOC.
Discussion
The functions of DUBs range from editing ubiquitin chains to recycling ubiquitin by complete disassembly of polyubiquitin chains. The large number of DUBs suggests multiple cellular roles and high substrate specificity; however, few DUBs have been characterized (22, 27). We recently identified AT3 as a protein with DUB activity (17) . Here we show that AT3 edits K48-linked ubiquitylated 125 I-lysozyme as well as unanchored K48-linked ubiquitin chains. In time course experiments at high concentrations of AT3, its UIMs slow the cleavage of free ubiquitin chains of five to seven ubiquitins, whereas at lower concentrations of AT3, the UIMs modestly increase the efficiency of chain cleavage, possibly by recruiting ubiquitin chains. Although we show that AT3 with UIM mutations cleaves shorter ubiquitin chains on 125 I-lysozyme ( Fig. 1E and ref. 17) , short unanchored ubiquitin chains are poor substrates for AT3 DUB activity (data not shown), suggesting that AT3 may function primarily in editing ubiquitin chains anchored to proteins and not in disassembling free ubiquitin chains. We also show that AT3 decreases degradation of ubiquitylated 125 I-lysozyme by purified proteasomes in vitro. AT3 trims the longer ubiquitin chains and likely remains bound to shorter chains, which blocks degradation by preventing access to proteasomes. This implies that AT3 may trim ubiquitin chains to no fewer than four ubiquitins, because AT3 UIMs bind chains of four or more ubiquitins (17) (18) (19) (20) . When UIMs are mutated, AT3 removes even the short ubiquitin chains from 125 I-lysozyme, which is probably responsible for decreasing degradation by the proteasome. AT3 did not bind to proteasomes in our assay (data not shown) and did not alter degradation of a peptide proteasome substrate; therefore, AT3 decreases proteasome degradation by altering the substrate and not through its effects on the proteasome.
The ability of AT3 to partially deubiquitylate and prevent degradation of a protein while possibly maintaining its degradation signal by binding to the remaining ubiquitin chain is an interesting characteristic for a DUB. DUBs such as USP25 and USP37 also contain UIMs, and USP44, USP45, USP49, and USP51 contain zinc-finger ubiquitin-binding domains (28) . Therefore, ubiquitin-binding domains may play a general role in deubiquitylation and protein degradation by binding ubiquitylated proteins and possibly regulating the specificity͞selectivity of chain cleavage.
The UPP is the major pathway responsible for degrading short-lived and misfolded proteins. In situations where the proteasome cannot effectively deal with excess misfolded proteins, some of these proteins are sequestered into aggresomes at the MTOC (13) . Indeed, transport of misfolded proteins to form aggresomes seems to be a critical process for cellular homeostasis (13, 15) . We show that endogenous AT3 colocalizes with aggresomes and preaggresome particles of CFTR⌬F508, and that it associates with components of the complex that transports misfolded proteins to the MTOC. More importantly, our data indicate that transport of misfolded CFTR⌬F508 requires endogenous AT3 and that rescue of aggresome formation in AT3 knockdown cells requires both the DUB activity and the UIMs of AT3. Dynein is required to transport CFTR⌬F508 to the MTOC (26), and we provide evidence that the DUB activity and the UIMs of AT3 are necessary for AT3 and͞or a complex containing AT3 to interact with dynein.
Our results are consistent with a model in which AT3 is recruited to bind and trim ubiquitin chains on misfolded ubiquitylated proteins, shielding them from the proteasome before transport to the MTOC for aggresome formation. Alternatively, AT3 may use its deubiquitylating activity to stabilize proteins involved in the trafficking of misfolded proteins. As a microtubule motor protein, dynein has multiple cellular functions, including vesicle trafficking and fast retrograde axonal transport (29) (30) (31) . Endogenous AT3 interacts with dynein, and transfection studies show that this interaction depends on both the DUB activity and UIMs of AT3 (Fig. 5) . This raises the possibility that AT3 may regulate other dynein-dependent processes, which is particularly interesting given that disruption of dynein-mediated transport is implicated in neurodegenerative diseases (32, 33) .
Protein aggregates are hallmarks of many neurodegenerative diseases including polyglutamine diseases (12) . Expansion of the polyglutamine domain of AT3 is thought to destabilize the protein structure, resulting in aggregation (34, 35) . AT3 seems to function in the UPP; therefore, a potentially dangerous situation is set up wherein pathological AT3, a protein that misfolds and aggregates, is exposed to misfolded aggregateprone proteins as part of its normal function. It is intriguing that wild-type AT3 is present in inclusions and aggregates of nonpolyglutamine-containing proteins, including Marinesco bodies (36) and aggregated protein inclusions in amyotrophic lateral sclerosis (37) . The presence of AT3 in these pathophysiological aggregates is consistent with the data presented here, showing that AT3 plays an essential role in formation of CFTR⌬F508 inclusions͞aggresomes and is present in the inclusions.
Polyglutamine expansion may affect the interactions of AT3 with other proteins and͞or affect its DUB activity. Although preliminary data suggest that wild-type and pathological AT3 have very similar DUB activity (B.G.B. and R.N.P., unpublished observations), pathological AT3 cleaves short ubiquitin chains on 125 I-lysozyme more efficiently than does wild-type AT3 (17) . Additionally, differences in substrate specificity could result from pathological AT3 having altered protein interactions. For instance, AT3 interacts with p97͞VCP͞Cdc48p in a polyglutamine-dependent manner, with pathological AT3 binding more effectively than wild-type AT3 (38) . Valosin-containing protein (VCP) is involved in extracting ubiquitylated misfolded proteins from the endoplasmic reticulum for subsequent degradation by proteasomes (39) . Therefore, pathological AT3 could be preferentially involved in VCP-dependent processes. The recent observation that AT3 is a DUB (17, 40) , in addition to the present study, which shows that AT3 DUB activity regulates association with dynein and is required for CFTR⌬F508 aggresome formation, provides insights for studies investigating both the physiological and potential pathological functions of AT3.
